In this study, we demonstrate the transportation of small liquid droplet on vertical parallel electrodes using electrowetting phenomena and the interfacial oscillation. The transportation of liquid droplets, which can be applied to droplet-based biochemical devices, is performed by applying AC voltage that ranges from 0 to 100 V pp and from 20 to 100 Hz. The flow characteristics are observed by a high speed camera, and the effects of interfacial oscillation and the dynamic contact angle on the droplet motion are investigated in detail. The experimental results show that the vertical velocity of the droplet can be controlled by changing the amplitude and the frequency of the applied AC voltage. Furthermore, the dynamics of the droplet are estimated theoretically considering the interfacial tension due to the dynamic contact angle and the gravitational force. The predicted force and the displacement of the droplet reasonably agree with the experimental values obtained from the high speed observation of the droplet motion.
Introduction
The transportation of a small volume of liquid supported on a substrate is important technology in a variety of applications. For instance, it is fundamental for droplet-based micro total analysis systems (1) (2) . The electrostatic effect is useful for droplet transportation system from the viewpoint of fabrication, integration, and high controllability. Washizu demonstrated droplet transportation based on the principle of variable capacitance using an electrode array, as shown in Fig. 1 (a) (3) . In this method, different electric potentials are applied to a pair of electrodes, where one electrode is under the droplet and the other is in front of it. Then, the droplet moves toward the electrode in front of it due to Maxwell stress. By changing the pair of electrodes to apply the electric potential, the droplet is sequentially transported. Recently, electrowetting on dielectric (EWOD) is often used for droplet transportations (4) ~ (7) . EWOD is a phenomenon where the contact angle of liquids placed on insulated electrodes is decreased by the electrical force exerted on the edge region of the liquids. In other words, the electrical force makes the liquids more wettable on the surface of the insulated electrode. By inducing EWOD asymmetrically to a droplet, the droplet is transported to the more wettable region. This method requires both the integration of electrodes and the precise operation of electric potential for sequential transportation (4)~ (6) .
On the other hand, Gunji et al. found a self-propelling phenomenon of water droplets on a pair of parallel electrodes (7) . Droplets are transported due to EWOD along parallel electrodes by applying AC voltage, as shown in Fig. 1 
(b). Compared to other droplet
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Flow direction Gravity Fig. 1 Typical configurations of droplet transportation using an electrowetting device: railway sleepers (a) (3) and railway (b) (7) transportation methods, the self-propelling system is easy to fabricate and operate. However, the transportation direction is highly dependent on the initial asymmetricity of the droplet shape. Thus, the flow direction of the droplet is relatively difficult to control. To develop a method for controlling the direction of self-propelling droplets, detailed investigation is required from the viewpoint of fluid dynamics. In this study, droplet transportation on vertical parallel electrodes is explored to clarify the basic flow mechanism and to establish a controlling method of droplet transportation using the self-propelling phenomenon. One-directional transportation is realized inducing asymmetricity in the droplet shape using the gravitational force. Based on a high speed observation and a digital image processing (8) , the basic flow dynamics are clarified including the droplet transportation, the interfacial oscillation, and the contact angles. Furthermore, the dominant forces acting on the droplet transportation are theoretically predicted by considering the interfacial tension and the gravitational force. Comparing the predicted forces and the droplet motion with those of the experimental results, the basic mechanism of droplet transportation is discussed in detail. 
Nomenclature

Mechanism and experimental methods of droplet transportation
Droplet transportation by EWOD
Droplet transportation is achieved by EWOD in this study. When the droplet is set on the insulation layer with the applied voltage V, the interfacial tension γ LS (V) can be described by the following equation:
where c h2 =1.46×10 -4 F/m 2 , V h2 and γ LS0 are the capacitance of the insulation layer per unit area, the electric potential applied to the layer and the interfacial tension at V=0 V, respectively. Electric potential V h2 is part of total applied voltage V and is estimated based on the equivalent electric circuit (see Appendix) to be half of V. γ LS (V) does not depend on the sign of V, since the change of γ LS (V) is proportional to the square value of V. However, in practice, γ LS (V) is affected by the sign at relatively high voltage, where this phenomenon is called as asymmetric electrowetting (9) . Since its effect is relatively small in this study, it is not discussed in detail. A schematic of the device including vertical parallel electrodes developed here is shown in Fig. 2 . The device consists of a pair of parallel electrodes which are covered by an insulation layer. A stationary small droplet, which adheres to the surface of the electrodes, satisfies the static force balance between the interfacial tension and gravity without applying AC voltage. The deformation of droplet can be characterized by the upper contact angle and lower one, which are defined as θ 1 and θ 2 , respectively, as shown in Fig. 2 (b) . When the electrical voltage is applied to the electrodes, the droplet starts to deform. This deformation due to EWOD is caused by the flow dynamics of contact lines and of contact angles at the liquid-solid interface. Because of the dynamical deformation, the droplet starts to flow vertically downward as a result of the break of the static force balance. By applying AC voltage to the electrodes, the force balance is broken periodically. Thus, the droplet is observed to be continuously transported with interfacial oscillation from the macroscopic viewpoint.
Experimental setup
The vertical parallel electrodes consist of a pair of planer electrodes that are rectangle-shaped of 500 µm wide and 20 mm long. The gap between the two electrodes is set to be 50 µm. The fabrication process is briefly described as follows. Aluminum thin film with thickness of 100 nm is formed on a glass substrate by a sputtering technique. The film is processed to be the electrodes using the standard photolithography and etching methods. The electrodes are insulated by 500 nm thick polysilazane film (Polysilazane solution，AZ Electronic Materials). The surface is treated by Teflon (Teflon AF Ⓡ ，DuPont) to make it hydrophobic. The contact angle of the water is measured to be 121 deg. on the Teflon surface of the electrodes when the electrodes are placed horizontally. The measured value is relatively larger than the typical one of 114 deg. for polytetrafluoroethylene. This may be owing to the surface roughness. However, the detailed mechanism is future work. The processed substrate is fixed vertically for the present experiment. The experiment is conducted at the room temperature of 298 K controlled by air conditioner. Ultrapure water (Wako Pure Chemical Industries, Ltd.) is used for the water droplet. A small droplet with a volume of 2.0 µl is initially at rest and is adhered at the center of the gap between the electrodes. The origin is set in the center of the initial position of the droplet. Cartesian coordinate is shown in Figs. 2 (a)~(c). The flow dynamics of the droplet are recorded by a high speed camera (FASTCAM APX-RS, Photron). The velocities of the contact lines and the droplet are measured using sequential digital photographs by the image correlation method. In practice, the contact line's velocity is defined here by the velocity of the contact point at the liquid-solid interface in z direction. The droplet velocity is measured using an interrogation window that includes the whole droplet. In this measurement, the displacement with sub-pixel precision is obtained by fitting the correlation value around the peak to the Gaussian function. Amplitude -V and frequency f of sinusoidal AC voltage are controlled from 0 to 100 V pp and from 20 to 100 Hz, respectively. The time is counted from when the voltage starts to be applied.
The spatial precision of the digital images is 17.5 µm/pixel. The temporal precision is controlled from 0.667 to 1.67 ms to obtain more than 30 images per an AC voltage cycle. The uncertainty in the measurement of the contact angle is approximately 0.5 deg. voltage, the droplet oscillates and starts to flow vertically downwards due to EWOD. The displacement can be clearly confirmed by the photographs after 10 (t = 500 ms) and 20 cycles (t = 1000 ms). As confirmed by sin 2 (2πft)= (1-cos(4πft))/2 and Eq. (1), γ LS (V) changes at the double frequency of the applied voltage. Thus, the frequency of the interfacial oscillation also doubles the value of the applied voltage. From Fig. 3 (a) , the droplet seems spherical due to the small radius at t = 0 s, but slightly extended in the vertical direction after the voltage is applied. If the droplet is misaligned to the center of the gap, the droplet is spontaneously moved to the center of the gap by applying the voltage, as shown in Fig. 4 . This movement of the droplet may be caused by Maxwell stress (3) , which is induced by the permittivity difference between water and air.
Results and discussion
Basic flow characteristics
The droplet position as a function of time is shown in Fig. 5 . This result indicates that t=0 ms 500 ms 1000 ms 1500 ms -V =100 V pp . It may be that this peak is caused by the resonance of the interfacial oscillation. For the first step to theoretically investigate the phenomena, assuming that the droplet has a hemispherical shape with mobile contact lines and fixed contact angles of 90 deg., the oscillations of a droplet adhered on a substrate corresponds to that of a free droplet. Furthermore, since the motion of the contact lines in spherical coordinates seem to be almost the same at the upper and lower sides of the droplet due to the relatively strong EWOD effect rather than that of gravity. Thus, it may be said that the even mode of the interfacial oscillation is dominant in this system. To quantitatively explore the effect of f on -U , the eigenfrequency of a spherical free droplet (10) is estimated with the assumptions of the stationary, inviscid, and small amplitude as
where r, n, γ L , and ρ are the radius, the mode number, the surface tension of the water, and the density, respectively. Based on the hemispherical droplet with a volume of 2.0 µl, the eigenfrequency is predicted to be f c = 124 Hz with values r = 9.85×10 underestimation of the resonance frequency, the predicted resonance frequency of 124 Hz is higher than the measured one of 90~110 Hz. The reason for the overestimation in the frequency is considered as the results of the overestimation in the surface tension, the finite amplitude of the oscillation, and the viscosity of the water in the experiment. The reason, why the effect of the resonance is clear at 100 V pp as shown in Fig. 6 , is that the effect of the interfacial oscillation becomes stronger than that of liquid viscosity as
Transient velocity U at the periodic steady state is shown in Fig. 7 . Figures 7 (a) , (b), and (c) are the velocities of the upper contact line, the lower contact line, and the droplet at f=20 Hz, respectively. Dotted lines denote absolute values |2V/ -V | of the normalized voltage. It is found from Fig. 7 that the applied voltage has strong effect on the velocities change of the contact lines and the droplet. The peak positions of U seem to be independent of the applied voltage. As shown in Fig. 7 (a) , the upper contact line flows just before |2V/ -V | approaches to 0 during the decrease, which is indicated as A, but it is stationary during other periods of B and C. Considering that the upper contact angle decreases during increase of |2V/ -V |, the lines should be moved to the outer direction from the droplet center.
However, the upper contact line is stationary during |2V/ -V | increase in practice. This indicates that the upper contact line is difficult to flow to upward, since the droplet tends to flow downward due to the gravity. There are two cycles in the velocity change of the upper contact line per electric cycle. On the other hand, the lower contact line is fluctuated and flows when |2V/ -V | begins to increase from 0, as shown D and E in Fig. 7 (b) . After the velocity of the lower contact line shows local maximum value at F and G, it gradually decreases until |2V/ -V | starts to increase again. Just before |2V/ -V |=0, it is found that the velocity is the negative value at H and I at contact line is not affected only by the change of the interfacial tension due to EWOD and the gravity but also by the dynamical motion of the droplet with the interfacial oscillation. Similar to the upper contact line, the velocity change of the lower contact line shows two cycles per an electric cycle. However, the upper contact line and the lower one do not flow simultaneously but alternately due to the effect of gravity, where they tend to flow in the gravity's direction. Comparing these contact lines, it can be said that the effect of the gravity is more dominant in the upper contact line, since the upper one shows only the positive velocity. In contrast to the contact lines, the droplet velocity roughly shows four peaks per an electric cycle as shown in Fig.7 (c) , where the peaks consist of two higher ones of J and K, and two lower ones of L and M. The reason for the four peaks per an electric cycle must correspond to the result that the lower and upper contact lines flow alternately as described above. However, strictly speaking, the times of the peaks are not the same between the droplet and contact lines. The higher peak of K is found just after |2V/ -V |=0, which is after the flow of upper contact line at A. The lower peaks of L and M are found shortly after the flow of lower contact line at F and G, respectively. That is, the change of the interfacial tension due to EWOD firstly induces the contact lines' flow. Then, the contact lines' flow results the droplet's flow. These results suggest that the droplet is rather accelerating than flowing together with the contact lines. That is, when the contact lines are flowing dynamically, the static force balance is not maintained. Thus, the droplet is accelerated by the resultant force of the gravitational force and the dynamical interface tension.
Contact angle
The upper and lower contact angles at the periodic steady state are shown in Fig. 8 . The solid and dotted lines are theoretical predictions that will be discussed later. The contact angles approximately change with the double frequency of the applied voltage, because the interfacial tension changes in response to the squared value of the applied voltage as shown in Eq.(1). Ideally, the contact angles should show the maximum values when |2V/ -V | is zero, e.g., at 0.500, 0.525 and 0.550 s, however, they clearly have the maximum values with phase delay φ i from the voltage change. φ i is determined experimentally as shown in Fig.8 .
This delay is more remarkable in the lower contact angle as φ 1 <φ 2 . All the contact angles at the periodic steady state are smaller than those at the initial condition. It is because the contact lines' flow is induced by the decrease of the interfacial tension γ LS (V) in this system. Moreover, the maximum values are also smaller than those at initial condition. These results indicate the existence of the dynamical effect in the contact angles during the droplet motion.
To predict the change of the contact angles θ i , a theoretical model at the periodic steady state is developed based on the experimental observations. In this development, we assume that the equation for the periodic steady state can be expressed by extending Young's equation that describes the static force balance of the interfacial tensions:
where γ S and θ i (V) indicate the coefficient of the surface tension of the solid surface and the contact angle at V, respectively. Subscript i is 1 or 2, where 1 and 2 correspond to the upper and the lower angles, respectively. Substituting Eq. (1) into Eq. (3), we obtain
where -V h2 and θ i0 are the peak to peak amplitude of V h2 and the contact angle at V=0, respectively. The symbol of φ i is used in Eq. (4) Fig.7 (b) , respectively. Furthermore, in the upper contact angle, the extrema at E, F, G, and H in Fig.8 correspond to those around J, L, K, and M in Fig.7 (c) where the droplet velocity shows the local maximum, respectively. The relationship between the droplet motion and the contact angle can be well clarified using the experimental results as described above, but the further discussion by the theoretical model including the dynamical interface tension should be made in future research.
Dynamics of droplet transportation
The theoretical model for droplet transportation must include the dynamical effect in the contact lines and angles in detail. However, this is quite difficult due to the lack of essential knowledge and the experimental data of this phenomenon. In this study, the basic principle of droplet transportation is discussed based on the experimental data. That is, the force is predicted using the contact angle model of Eq. (4) and is compared with the experimentally estimated force by the velocity change of the droplet. The dominant forces, which act on the droplet during transportation, are assumed to be the interfacial tension and gravity. Interfacial tension can be described using upper contact angle θ 1 and lower one θ 2 (11) . Thus, the force balance can be written as ( ) 2 1 cos cos respectively. Figure 9 shows the comparison of the force F between the prediction by Eq. (5) and the experimentally estimated values from the high-speed observations of the droplet motion. The maximum of the predicted force agrees well with that of the experiment at t =0.522 and 0.547 s. However, the prediction qualitatively deviates around t = 0.505 ~ 0.515 s and t = 0.530 ~ 0.540 s. The force from the experiment seems to show local maximum values four times per cycle, and the fact corresponds to the result in Fig. 7(c) . On the other hand, the predicted value shows only twice per cycle. This qualitative difference may be caused by the prediction error in the dynamical contact angles as shown in Fig. 8 , where it is our future work. Figure 10 shows the comparison of the droplet transportation between the prediction by integrating the acceleration and the experimental data. For the initial conditions of theoretical predication, the position and the velocity at t = 0.500 s are used based on the experiment. The theoretical prediction reproduces well the qualitative dynamics of the droplet, i.e., the droplet flows downward viewed as a long period but can have negative velocity. Furthermore, it is found that the mean velocity is predicted to be locally fluctuated even though it seems constant in the experiment shown in Fig. 5 . It is also found that there are the relatively large deviations from the experiment around the extrema of z especially at 0.510 ~ 0.515 s and at 0.535 ~ 0.540, which are almost the same periods shown in Fig. 9 . The deviation may be due to the energy dissipation by the viscous damping of the contact lines (12) , which is neglected in the present model. It is suggested that the viscous effect of the liquid should be included to improve the precision of prediction as well as the dynamics of contact lines of liquid-solid interface in future. However, the fundamental knowledge of the phenomena for theoretical understanding is herein presented as the first step.
Conclusions
In the present paper, the small droplet transportation on a pair of vertical parallel electrodes using the electrowetting and the interfacial oscillation was studied both experimentally and theoretically. The dynamics of the droplet motion, the contact lines, and the angles in EWOD were investigated using 2.0 µl pure water droplets. The downward velocity of droplet could be successfully controlled by changing the amplitude -V and the frequency f of the applied voltage. The important results were obtained within the ranges of -V = 0 ~ 100 V pp and f = 20 ~100 Hz as follows.
(1) The mean velocity of droplet at the periodic steady state was considered to be constant at a certain condition of the applied voltage from the viewpoint of timescale above O(0.1) s. The velocity could be controlled by changing the applied voltage, and was proportional to the square value of -V . Furthermore, a clear peak was found in the frequency dependence of the mean velocity at -V = 100 V pp and around f=50 Hz. This phenomenon was confirmed to be the resonance in the interfacial oscillation of the droplet because the resonant frequency and the oscillation mode were well predicted by theoretical analysis.
(2) The transient velocities of the upper and lower contact lines between the droplet and the solid surface at the periodic steady state showed the local maximum twice per cycle of the applied voltage. The contact lines flowed downwards due to the effect of the gravity not simultaneously but alternately. As the result of this alternate contact lines' motion, from the viewpoint of timescale in O(0.01) s, the droplet showed the local maximum velocities four times per cycle of the applied voltage. Furthermore, the droplet seemed not to flow with contact lines, but to be accelerated by them in the small timescale, since the droplet showed the local maximum velocities shortly after the movement of each contact line.
(3) To predict the motion of the droplet, the simple theoretical model including the dynamical effect of phase delay between the applied voltage and the contact angles in EWOD was developed. The validity of the model was experimentally evaluated by comparing the force acting on the droplet. Through this evaluation, we found that the theoretical model could reproduce the qualitative characteristics of the droplet motion flowing not only downwards but also upwards with vibration in the small timescale of O(0.01) s. However, the prediction of transportation showed over estimation from the experimental results when the droplet had a negative value of acceleration. These results indicated that the viscous damping of the contact lines and the dynamical interface tension of the droplet should be included in the theoretical model in future research.
